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Abstract:
Programmable foam is a relatively new material
made from thermoplastic polyurethane (TPU) and
has advantages over ordinary polyurethane foam.
Given that it is a new material, it can be com-
plicated to explain to people who do not have a
background in engineering or 3D printing. To re-
search the characteristics of programmable foam,
a word elicitation was conducted on seven master
students studying engineering psychology at Aal-
borg University. They were presented with seven
objects that tried to exhibit the possibilities with
programmable foam. The assessors found 85 differ-
ent descriptors. These were reduced to ten descrip-
tors through discussion and analysis. An experi-
ment was created where 20 participants rated seven
unique objects of programmable foam based on the
ten descriptors. Results showed only six out of the
ten descriptors were adequate for an exploratory
factor analysis (EFA). A principle axis factoring
with an oblique rotation (oblimin) revealed the
cleanest factor structure to have three factors.
These three factors were found to represent Firm-
ness, a Squeeze effect, and Professional-looking.
Using Chronbach’s �, the factors were shown to
have a varying degree of reliability (�firm = :66,
�squeez = :75, and �prof = :7). Further testing and
validation is required.

The content of this paper is freely available for everyone, however publication (with source) may only
happen with acceptance from the author.
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Danish abstract

Programable foam er et relativt nyt materiale, der er konstrueret af thermoplastisk poly-
urethan (Thermoplastic polyurethane, TPU), hvilket er en forbedret udgave af normalt
polyurethan skum. Da programable foam er et nyt materiale, er det kompliceret at forklare
dets egenskaber til personer, som ikke har en ingeniørfaglig baggrund eller en baggrund
inden for 3D-printning. For at undersøge programable foams egenskaber, er der udført et
elicitationsstudie med syv kandidatstuderende, som studerer Produkt- og Designpsykologi
på Aalborg Universitet. De studerende fik præsenteret objekter, som havde til hensigt
at vise programmable foams forskellige egenskaber. De syv studerende fandt i alt frem
til 85 forskellige deskriptorer, som gennem diskussion og analyse blev reduceret til 10.
Herefter blev der udført et eksperiment, hvor 20 deltagere bedømte syv unikke instanser
af programable foam, baseret på de ti deskriptorer, dette blev gjort ved hjælp af en visual
analouge scale (VAS). Resultaterne viste, at der kun var seks ud af de ti deskriptorer,
som var tilstrækkelige for en eksplorativ faktoranalyse (EFA). En ’principle axis factoring’
med en oblik rotation (oblimin) viste, at den reneste faktorstruktur var at finde med tre
faktorer. Disse tre faktorer viste sig at repræsentere fasthed, effekten når man klemmer
og professionelt udseende. Ved brug af Chronbachs �, viste det sig, at der var forskellige
niveauer af pålidelighed (�fasthed = :66, �klemme = :75, and �prof = :7). Yderligere test og
validering er påkrævet.
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Preface

This report was written by Jonas Bruun Liboriussen, A student of Engineering psychology
(Produkt- og Designpsykologi) at Aalborg University, in the period from February 1st,
2024, to May 31st, 2024. The report was completed in collaboration with the company
Create it REAL located in Aalborg, Denmark, and with the supervision of Flemming
Christensen.

The purpose of this report is to research the underlying characteristics of the material
called programmable foam through different kinds of procedures and analysis.

I would like to thank the people at Create it REAL for producing, letting me borrow
samples of programmable foam, and being generally helpful. A thank you also goes to
all the participants who were so kind in lending their time and homes for the experiment.
Finally, I would also like to thank Jeremie Pierre Gay for enabling me to make this project
come to life and Flemming Christens for great supervision and consolidation throughout
the project period.

Reading guide

In this report, transcripts of audio will be referred to by timestamps (HH:MM:SS). An
example of this is the following: “see attachment 01, time: 00:12:34 ” This is done since
there is a timestamp above every quote in the files, and therefore a direct quote can be found
just by the time stamp. If there are any changes to the quotes, they are added with square
brackets (American Psychological Association [APA], 2022b). Defining abbreviations in
this report is done using the guidelines from the APA (APA, 2021). Chapters and sections
are referred to as numbers. The bibliography is written with the guidelines from APA 7
(APA, 2022c) and can be found on page 48. In the text, the entries in the bibliography
are referred to by author and year following the guidelines of APA (APA, 2022a). The
appendixes are found after the bibliography. Additional attachments will be referred to as
attachments 1, 2, 3, etc. A list of the attachments can be found in appendix A.
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1 | Introduction

Polyurethane (PU) is a material that has many use cases (Brown, 2023). It was �rst
discovered by Dr. Otto Bayer in 1937 and became commercially available in 1952 (Sharmin
and Zafar, 2012; original paper in German by Bayer: Bayer, 1947). According to Brown
(2023), there are four kinds of PU categories: Rigid foams, �exible foams, thermoplastic
polyurethanes (TPU), and coatings. These are used in everything from car components,
�oorings, and safety gear to noise insulation, adhesives, and catheters. Most noticeable for
this report is that �exible foam has become the standard in cushions for furniture (Brown,
2023).

PU foams can be made into almost every desired shape (Polyurethane Foam Association
[PFA], 2016). This is done subtractively by cutting away unused material until the desired
shape is achieved or gluing together parts to get the desired shape. Because of this, PU
can be used in many places and in any shape the �nal product requires. If di�erent types
of �rmness are required, di�erent foams can be combined to get the desired outcome. This
is useful, e.g., for a car seat since designers can change the hardness, shape, and size to get
the desired outcome. A study in 2001 did a paired comparison. First with four di�erent
automobile seats with small di�erences in hardness, and then with �ve square-shaped foam
samples with a larger di�erence in hardness (Ebe & Gri�n, 2001). For the small di�erence
condition (car seats), they found softer car seats to be more comfortable than harder.
However, for the large di�erence condition, a maximum for comfortability was discovered.
This meant that both too hard and too soft a foam decreased comfort. Pressure around
the ischial bones seemed to explain both the bottoming, which could have been felt when
the foam was too soft, and the uncomfortable feeling of the foam that was too hard. They
also showed that pressure is not equal across the buttocks when sitting. Consequently, this
makes seat design more complex because the designers must �nd the ideal �rmness in the
correct place.

Another place PU can be found is in wheelchair seats (Couzens et al., 2024). Recently,
Couzens et al. (2024) did a meta-analysis on the microclimate in wheelchair seats. In
this study, they searched through 4880 studies. They found eight that matched their
criteria. Their criteria were studies that measured temperature and humidity in the human-
wheelchair interface and had a control to test against. Four main categories of seats
were found to be used in the studies: air, foam, gel, and foam-gel. Foam and foam-gel
contributed to 74.4 % of the seats. They found foam-gel cushions to be better than air and
foam in reducing the temperature, but foam cushions were better at controlling humidity.
Furthermore, the e�ect of thermal perception was inconclusive.

One of the reasons why it is relevant to investigate temperature and humidity is because
it can lead to pressure injuries like ulcers (Braden & Bergstrom, 2000). Temperature and
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humidity are extrinsic components that a�ect the skin's tolerance and support structure for
pressure. Pressure is one of the main categories that can lead to developing a pressure sore.
The other major group is tissue tolerance, which has three subgroups: Mobility, activity,
and sensory perception. A study from 2009 researched custom contoured cushions (CCC)
for healthy people who spent many hours of the day sitting and people with spinal cord
injuries (SCI). They found subjective comfort, lateral stability, and anteroposterior stability
were higher for CCCs (Li et al., 2009). Furthermore, objective factors like peak pressure,
mean pressure, pressure gradient, and sitting balance increased overall when using CCCs.
However, when divided into groups composed of healthy people and SCI patients, only
the peak and mean pressure had a signi�cant di�erence (p < 0:01 for peak pressure and
p < 0:05 for mean pressure). This leads Li et al. to conclude that custom-made cushions
can help prevent ulcers.

There seem to be two primary ways to make PU foam: either it needs to be cut down
from a large block and glued together, or it needs to be molded (PFA, 2020). Therefore,
it either needs to start as a big square and be cut to shape and size or a mold has to be
made if you want to make a CCC or custom-made cushion. As PFA (2020) also points
out: � if more complicated shapes are required in a �nished product, foam molding may
be the preferred manufacturing technique� (PFA, 2020, page 1). If custom cushions are
desired, there are disadvantages to both methods. The disadvantage of beginning with a
big block of foam is that some material is wasted. This would increase the price of each
seat and the environmental impact. The disadvantage of molded seats, if cushions need to
be custom made, is the fact that only a few of this exact type is made. Making a mold
is therefore unjusti�ed since the quantity will not o�set the cost of the mold. So, to both
have a custom-made cushion or seat and only use the material needed for the �nal seat,
an alternative could be TPU and programmable foam (Create it REAL, 2023).

1.1 Programmable foam

Since TPU can be extruded (Brown, 2023), it can be used as �lament in 3D printing in the
form of fused deposition modeling (FDM) (Xiao & Gao, 2017). Create it REAL uses TPU
�lament to 3D print seats and insoles in a gyroid structure and is called programmable
foam (Create it REAL, 2023). To understand this material better and to obtain knowledge
on this product, an interview was conducted with the company's business developer, L.
Jensen (the entire transcription can be found in attachment 1).

As FDM is an additive manufacturing technique, you can build the desired shape from
the ground up. This reduces wasted material when constructing the products in pro-
grammable foam (Nadagouda et al., 2020). Furthermore, since the print heads are free to
move in both the x, y, and z dimensions (left-right, forwards-backward, and up-down1), the
end product can be made from a completely custom-made model. Therefore, this solves

1On some printers, it is the bed that moves in the z-axis (up-down)
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the earlier stated problems about wasting material or using a mold. Moreover, this also
helps achieve the 12th world goal, more speci�cally world goal 12.5: �By 2030, substan-
tially reduce waste generation through prevention, reduction, recycling, and reuse� (United
Nations [UN], 2015). This is further emphasized in that programmable foam is recyclable
and can be produced locally (L. Jensen, attachment 1).

L. Jensen also mentioned that the gyroid structure was isotropic in its hardness and that
it helped with pressure (translated from Danish; L. Jensen 2024, attachment 1 time:
00:06:37):

� We see that when we do our tests with pressure mappings, where we sit on
foam, and where we sit on gyroid, then you can tell that it [gyriod seat] relieves
pressure noticeably better�

So the gyroid structure combined with the result of Li et al. (2009) indicates that this is a
bene�cial way to make a cushion or a seat for wheelchairs and other places where people
sit for a prolonged period. This is seen in cases like Samiotis (2024) and Samiotis (2023),
and also mentioned by L. Jensen (2024, attachment 1).

Programmable foam can also change hardness depending on the settings in the slicer. This
can be done on the entire 3D model or adjusted using modi�ers (Create it REAL, n.d.).
A modi�er is a 3D model that changes the settings in the intersection between the global
model and the modi�er. The hardness can also change gradually. This means it can be
soft on one side of the object and then get harder moving to the other side. The di�erent
hardness levels were tried to be connected to the shore hardness scale (International Stan-
dard Association [ISO] 868:2003). However, they decided to go with a more generic scale
of �ve levels of hardness ranging from extra soft to extra hard (L. Jensen, attachment 1).

One downside of programmable foam made as FDM is that it is not as precise as other forms
of manufacturing, which limits the areas this could work (L. Jensen, 2024, attachment 1).
This is not a problem for custom-made cushions as they only require a resolution of about
2 mm (Brienza et al., 1992).

Since FDM is a relatively new production method, and programmable foam is an even
newer material, few people have seen this before. The interview revealed that explaining
this material to others is somewhat challenging (L. Jensen, attachment 1). When asked if
challenges arise before handing the material to people �When they haven't had the material
in their hands [...] then it is really hard [to explain to people]� (translated from Danish; L.
Jensen 2024, attachment 1 time 00:13:09). In the same sentence she also mentions that if
they have an engineering background or are knows anything about 3D printing in general,
then they might get it. She also mentions that it takes a lot of communication back and
forth to ensure that the customers know what to do and expect.
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1.2 Problem formulation

It would seem that there are a lot of advantages to using programmable foam over conven-
tional polyurethane foam. This includes local production, saved materials, the ability to
customize both shape size and hardness without the need to combine di�erent materials,
and comfort for the user since it is possible to match the exact dimensions of the body,
decreasing the possibility of pressure wounds (Li et al., 2009; Nadagouda et al., 2020; L.
Jensen attachment 1). However, because it is a new material produced by a fairly new
production method, explaining it to people can be a challenge, especially for people who
do not have a background in engineering or 3D printing (L. Jensen attachment 1). Little
is known about how users experience the programmable foam, and what, if any, latent
characteristics might de�ne how the users understand programmable foam.

Therefore, this report will be researching the following question:

� How is programmable foam perceived, and what underlying characteristics de-
�ne it? �

This question will try to be answered by �rst making a word elicitation and de�ning a list
of descriptors. This list of descriptors will then be used in an experiment to test if any
underlying factors are present using an exploratory factor analysis. Afterward, the results
will be discussed, and the conclusion will be presented.
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2 | Finding initial descriptors

The �rst thing that was done to answer the question from the previous section was �nding
the correct words that described the programmable foam. This was done through a word
elicitation and generally followed the structure in ISO 11035:1994. Furthermore, sensory
analysis has been of great use in the food industry but has also been applied elsewhere
(Holm Pedersen & Zacharov, 2008). Because of this, it is deemed relevant to be used here.

2.1 Assessors

A minimum of six assessors are needed for sensory analysis (ISO 11035:1994). This allows
for individual di�erences. For this elicitation study, seven assessors (four female and three
male, aged 21-27) were chosen to identify the list of descriptive terms.

All the assessors studied a master's in Engineering psychology at Aalborg University. They
were chosen since everyone had prior experience participating in elicitation studies, as they
had been a part of and conducted similar studies before. Furthermore, everyone knew each
other beforehand, and it can be assumed that they would be less afraid to have an open
and nuanced discussion, hopefully leading to a better understanding of the material.

2.2 Materials

The elicitation took place in a meeting room at Aalborg University, where the assessors
were placed around a table, with the panel leader sitting at the end of the table (see �gure
2.1). Each assessor was given a piece of paper to write notes throughout the study. Snacks,
co�ee, and sodas were also available to the assessors throughout the study as compensation
for their participation.

To record the study, a dictaphone was used so the panel leader could transcribe the conver-
sations and write notes afterward. Furthermore, the panel leader took notes on a personal
computer to remember what the assessors discussed during the meeting. This was done to
ensure nothing was forgotten and everything was considered thoroughly.

2.2.1 The products

For the products, it is important to choose objects that will enable the assessors to �nd
and distinguish the di�erences between the tested material (ISO 11035:1994). Since pro-
grammable foam is a 3D-printed material, showing everything possible to print is impos-
sible. Because of this, a limited set was chosen. This set consists of the following:
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Figure 2.1: An illustration of the setup for the room the assessors sat in during the study

ˆ Five cubes with �ve di�erent hardness levels and no border

ˆ Two �sh with an in�ll that varied in hardness and had a border

ˆ One dynamic cube that varied in hardness from one end to the other and had no
border

Since the products are similar in appearance, they were given a letter so the assessors could
tell them apart. These letters were randomly chosen using the script in attachment 2.2.
This resulted in the following letters: W, S, A, G, P, Y, O, and D. Numbers were also
considered for the labeling of the products. However, this might impact how the partici-
pants interacted with the products, introducing an unwanted variable. Having randomized
letters would hide the fact that the cubes varied in hardness. Although it is acknowledged
that computer-generated numbers are never completely random (L'Ecuyer, 2011, p. 35),
the randomness generated by the r-studios sample function is su�cient for this use.

Table 2.1 shows the connection between the letters and the products.

The �nal set of products is pictured in �gure 2.2, depicted with the letters taped to them.
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Objects Letter

Dynamic hardness block W

Extra hard block S

Hard block A

Medium block G

Soft block P

Extra soft block Y

Fish 1 O

Fish 2 D

Table 2.1: List of all the objects with the corresponding letters

Figure 2.2: Picture of the �nal set of materials shown to the assessors in the elicitation study. W: The
dynamic block, S: Extra hard, A: Hard, G: Medium, P: Soft, Y: Extra soft, O: �sh 1, D: �sh
2.

Page 11 of 71



Jonas Bruun Liboriussen 2. Finding initial descriptors

2.3 Procedure

The interview used the following structure, based on ISO 11035:1994.

ˆ Individual assessment (approximately 10-15 min)

ˆ Open Discussion (approximately 20-25 min)

ˆ Finding speci�c descriptors (approximately 15-20 min)

For the individual round, each assessor sat with their piece of paper and wrote everything
that came to mind when interacting with the products. Since only a limited sample set
was available, it was impossible to be in individual booths as ISO 11035:1994 recommends.
Therefore, they all sat at the same table and passed the products around to each other.
The panel leader ensured that every assessor had their hands on all the samples at least
once during this phase. This phase ended when every participant stated that no more
attributes could be found for the individual assessor.

The open discussion started with a presentation of what the assessors had written down
on the paper so the panel could compare what they wrote down themselves with what the
others had written down. After that, an open discussion went through what the assessors
meant with their observations and how it a�ected their perception of the products. This
phase ended once every assessor had presented and discussed their statements and got an
overall view of their co-assessor's statements.

At last, the speci�c descriptors were found by making a recap of the discussion. For this
part of the process, a list of descriptors was generated from the inputs by the assessors,
where the synonyms and repetitions had been eliminated. This phase �nished once every
assessor agreed that the list was completed and no other descriptor was relevant for the
products.

2.4 Results

In this section, the results will be presented in two sections. First, the descriptors found
from the individual phase are described, and then results found from the open discussion
will be described along with the speci�c descriptors.

The entire process was recorded and transcribed. This transcription can be found in
attachment 2.1. Quotes from this transcript will be translated into English by the author
if they are presented in the report.

2.4.1 Individual phase

After the �rst individual phase, the assessors found 108 descriptors for the seven products.
This list can be seen in attachment 2.3. In total, this phase took 10 minutes to complete.
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A word cloud has been generated based on these descriptors. This word cloud can be found
in �gure 2.3 and is generated using a tool found in Davids (n.d.).

Figure 2.3: A word cloud made from the descriptors the assessors found the individual phase of the
elicitation study. The word cloud is generated by the tool found in Davids (n.d.)

After sorting through the list and removing any synonyms or repetitions, the number
was reduced to 85 individual descriptors. This list was divided into seven subcategories:
structure, appearance, tactile, haptic, sound, and smell. The tactile was further categorized
into interaction and level. A translated table containing the complete list of the descriptors
can be found in table 2.2. Table B.2 in Appendix B presents the Danish version of this
table.
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2.4.2 First �ltering of the descriptors.

After the individual phase, every assessor got to read their descriptors out loud one by
one (see attachment 2.1, time: 00:10:28). As recommended by ISO 11035:1994, an open
discussion based on the descriptors followed the individual phase. It began by �nding the
most common descriptors among the assessors to see if everyone agreed on why they were
there, continued with the naturally occurring topics, and ended with a summary of every
descriptor the group found relevant to the product. The discussion itself took 30 minutes,
and the summary took 20.

From this discussion, some new descriptors also emerged. These were the following (trans-
lated from Danish):

ˆ Playfulness

ˆ Rubbing o� on the hands

ˆ Finish

ˆ professionality

The �nal list of descriptors can be found in table 2.3, which contains both the English
translation and the original descriptors in Danish.

2.5 Discussion

By far, the most common descriptors for the products weresoftnessor synonyms of softness
(see �gure 2.3). Every assessor wrotesoftnessdown on their paper. Another descriptor
mentioned a lot washardnessor a synonym thereof. This descriptor was written down by
every assessor except one. Those two descriptors, as well asvarying, were not so surprising,
as it is the main thing the users change in the software. The descriptorsplayfulness, rubbing
o� on the hands, and sounds stickywere a bit more interesting to discover, as these are
more latent descriptors. However, further testing needs to be done to know the underlying
factors.

When interacting with the objects, the assessors were reluctant to compress and squeeze
the objects to begin with. This might have impeded their initial impressions of the prod-
uct. During the individual phase, one assessor said: �no, you will break it�, with another
responding with �it is okay. I think. I hope.� (see attachment 2.1, time: 00:06:08). They
discussed the tape placed over the paper. They worried it might fall o� when handling
the object, making it problematic to identify the objects later. To void the situation, the
panel leader assured them that it was possible to �gure out what label belonged to what
object later on and that they did not have to be careful when interacting with the objects.
This issue will be �xed in the coming experiment.

Due to time constraints, there was insu�cient time to test the descriptors as intended
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Descriptor (Danish) Descriptor (English) Modality

Blødhed Softness Tactile

Hårdhed Hardness Tactile

Varierende Varying Tactile

Lyder Klisteret Sounds Sticky Auditory

Færdighed Finish Overall

Smitte Af På Hænder Robbing O� On The Hands Haptic

Solid Solidity Tactile

Stabil Stability Tactile

Holdarhed Durability Visual

Bouncy Bouncy Tactile

Hullede Holey Visual

Tæthed Density Visual

Ruhed Roughness Haptic

Glat Smoothness Haptic

Brugt Til Leg Playfulness Overall

professional Professionality Overall

Table 2.3: The �nal descriptors, found at the end of the process, and their associated modality.

ISO 11035:1994. This can have the e�ect that some elements have been misrepresented in
the �nal list of descriptors. To prevent this, the panel leader made extra e�ort to notice
everything the assessors said. Some content can be lost to the listener if more information
comes in at once at (Broadbent, 1958; Cherry, 1953), and information perceived also
depends on the workload the receiver is on (Lavie et al., 2004). The recordings were
transcribed and listened to multiple times to ensure these e�ects were reduced and hopefully
circumvented.
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3 | Exploring the descriptors

Having a list of descriptors found by a panel is only the �rst step in sensory analysis
(ISO 11035:1994). When the initial descriptors are found, they need to be reduced. The
assessors did not have time to test them as ISO 11035:1994 recommends. Instead, they were
treated like the independent method in ISO 6564:1985. This was done as the assessors
had discussed the descriptors but did not have the time to create complete scales with
endpoints. Because of this, the descriptors and the transcription were analyzed to see if
any common elements were to be found.

Although ISO 6564:1985 is withdrawn, it still seems to be used in recent studies (Basdemir
et al., 2024; Labrador Fernández et al., 2023). Because ISO 6564:1985 is withdrawn,
decisions will not be based on this standard alone.

This chapter will describe how the descriptors from table 2.3 were transformed into seman-
tic di�erential scales.

3.1 Semantic di�erential scales

The semantic di�erential scale consists of two anchor points with polar meaning on each
side (Osgood et al., 1957, p. 25). Semantic di�erential scales have been used to test
everything from user experience (Laugwitz et al., 2008), remote controls (Komine et al.,
2007) to odor (Dalton et al., 2008). Since the assessors in the elicitation phase did not have
the time to create the anchor points, they need to be derived from the list of descriptors
(see table 2.3) and the quotes from the participants.

Looking at the top of table 2.3, the �rst two entries werehardnessand softness. Since
these are antonyms in Danish (Den Danske Ordbog [DDO], 2019), they can be combined
on the same scale (Osgood et al., 1957, p. 25). Furthermore, Table 2.2 illustrates that
these are also from the same modality. Scales like the sure hardness scale (found in ISO
6564:1985) also go from soft to hard. Therefore, the �rst endpoints in the list aresoft and
hard (Danish: blød - hård), with the question �How soft is the object when pressed upon?�
(Danish: �Hvor blødt er objektet når det trykkes på?�).

The next item in table 2.3 isVarying. This item has no immediate word with the polar
opposite meaning. Because of this, quotes from the transcript will be used to determine
the scale. The following quotes suggest that the object seems to change in how much
the material varies in hardness �The �rst thing I thought of when I touched it was that
it was something to do with softness that sort of varied� (Attachment 2.1 time:00:14:17)
and �But it is because the corners of them are still soft. Yes all of them, but like in the
middle. It varies depending on how hard it like is, I think.� (Attachment 2.1 time:00:31:03).
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Therefore, the endpoints are going to benot at all to much (Danish: Slet ikke- Meget) with
the question �How varying is the object's hardness� (Danish: � Hvor variende er objektets
hårdhed?�)

After Varying, the next item in table 2.3 is Sounds sticky. Like the previous item, no
antonyms exist for this word, so quotes from the transcript will be used again. Here,
quotes like �For the very hard [objects], you do not really experience it [sounding sticky]�
(Attachment 2.1 time: 00:29:41) also indicate that it varies depending on the object.
Therefore, the endpoints will benot at all to very sticky(Danish: slet ikke- Meget klisteret)
with the question �How sticky does the object sound when you squeeze it?� (Dansih: � Hvor
klisteret lyder objektet når man klemmer på det?�).

One of the items discovered during the discussion phase wasFinish, but looking at the
transcription, it seems this descriptor is based on other items. Quotes like �The little �sh
is �nished, it will not break.� (Attachment 2.1 time: 00:42:58), and �[talking about �nish],
The thing with how �rm or how see-through it was. Like the fact that we could see more
through the soft than we could see through like the hard ...� (Attachment 2.1 time 00:30:36)
seems to indicate that�nish is more a combination of stability, solidity, holey, and density.
Because of this, it will not be added to the �nal list.

Robbing o� on the handsis also an item that does not have an obvious antonym. Between
the assessors, there was some disagreement about whether or not this was part of the
perception. One of the assessors said �Or rather, it [rubbed o� on the hands] did not. I
think � (Attachment 2.1 time 00:31:33) with two other assessors agreeing. A third assessor
agreed with a fourth assessor and said �I do recognize it, it is like when you have touched
some new plastic ... like a plastic bag� (Attachment 2.1 time 00:31:43). Since this does
not seem to depend on other items and does not have any antonyms, this will also get
the not at all to much (Danish slet ikke - meget). The attached question will be �How
much does the object rub o� on the hands?� (Danish: � Hvor meget smitter objektet af på
hænderne?�).

The descriptorsSolidity, Stability, and Durability seem to be semantically close to each
other. According to DDO (2023b)solid is a synonym ofdurable in Danish. Furthermore,
when the panel leader asked about the stability descriptor, an assessor answered �Which
one was that? Solid, like some sort of measure that you can play with it without it breaking�
(Attachment 2.1 time 00:33:01). This statement was agreed upon by three other assessors.
Because of this, one of the scales was supposed to measure how durable the object was, with
one of the endpoints being solid. Since solid is an antonym of fragile (Danish: Skrøbelig;
DDO, 2023d), it was chosen as the anchor point with a polar meaning. Therefore, the
endpoints will be fragile to solid (Danish: skrøbelig - solidt), with the question �How
durable is the object?� (Danish: � Hvor holdbar er objektet?�).

One of the antonyms ofBouncy is 'sti� ' (Merriam-Webster, n.d.). Since 'sti� ' was also
one of the descriptors the assessors wrote down in the individual phase, it is chosen as the
polar meaning of bouncy (see table 2.2). Furthermore, the assessors deliberately said the

Page 19 of 71



Jonas Bruun Liboriussen 3. Exploring the descriptors

English version of the word when they talked about the descriptor (see attachment 2.1
time:00:33:43). The endpoints will therefore besti� to bouncy (Danish: Stift - Bouncy)
with the question �How bouncy does the object look?� (Danish: � Hvor bouncy ser objektet
ud til at være?�).

The items holey and density seem to be semantically close as well. This is based on
quotes like �I think it[how many holes it has] depends on the pattern� (Attachment 2.1
time: 00:34:36) and �it is just those small holes, that the gets �xed [when looking at the
more hard objects]� (Attachment 2.1 time: 00:35:58). These quotes also seem to indicate
that it varies depending on the object. Therefore, the endpoints for this item will beHoley
and Dense(Danish: Hullede - Tæt) with the question �How dense is the structure of the
object?� (Danish: � Hvor tæt er strukturen i objektet?�).

Roughnessand Smoothnessis an antonym of each other (DDO, 2023a, 2023c). Further-
more, this quote: �But like, I think only these here are rough. I do not think the others are
rough� (Attachment 2.1 time: 00:37:33) indicates that it also varies between the objects.
Because of this, the endpoints will besmooth to rough (Danish: Glat - Ru) with the ques-
tion � How is the surface of the object?� (Danish: � Hvordan er over�aden af objektet?�).

The assessors also talked about playfulness, with one endpoint beingplayful while the other
endpoint would beprofessional. A quote to support this statement is �So there are like
several things that infer that it goes from playful to professional� (Attachment 2.1 time:
00:44:08). The quote �Yes, because try to imagine bringing one of these to a meeting,
where you need to present something� (Attachment 2.1 time: 00:44:18). Therefore, one of
the scales will try to measure what the object infers with the endpoints beingplayful to
professional (Danish: Brugt til leg - Professionel) with the question �What context does
the object imply?� (Danish: � Hvad for en sammenhæng ligger objektet op til?�).

To cover all the categories found in table 2.2, a �nal scale was added. This trying to
measure the smell of the product. This quote: �It smells a bit of plastic, or I don't know�,
with two other assessors agreeing to it, would indicate that the smell of plastic is present.
Therefore the endpoints will besmells neutralto smells of plastic(Danish: Lugter neutralt
- Lugter af plastik) with the question �How much does the object smell like plastic?�
(Danish: �Hvor meget lugter objektet af plastik?�).

The question was added to minimize confusion for the users of the scales so they would
measure on the same underlying construct. So to summarize the above. In total, there will
be ten scales trying to measure di�erent constructs. The �nal ten items with the endpoints
and the questions can be seen in table 3.1. These questions and endpoints are the ones
that will be used when testing for underlying factors in the experiment described in the
following section.
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Question Endpoints

How soft is the object when pressed upon? soft - hard

How varying is the object's hardness not at all - much

How sticky does the object sound, when you squeeze it? not at all - very sticky

How much does the object rub o� on the hands? not at all - much

How bouncy does the object look? sti� - bouncy

How durable is the object? fragile - solid

How dense is the structure of the object? holey - dense

How is the surface of the object? smooth - rough

What context does the object imply? playful - professional

How much does the object smell like plastic? smells neutral - smells like plastic

Table 3.1: The �nal semantic di�erential scale questions and endpoints in English. For the original
Danish items, please, please refer to table B.1 on page 55.
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4 | Method

An experiment was created to test the semantic di�erential scale and hopefully �nd the
underlying factors. In this chapter, the method will be described. It will present the
participants, the materials used, the location, the procedure for the experiment, and the
pilot study.

4.1 Participants

In this experiment, 20 people participated (12 females and 8 males). Their ages ranged
from 22 to 73, with an average of 36,45 (Standard deviation (SD): 17,86). When asked
how much prior experience they had with 3D printing in general, they answered on average
1.65 on a categorical scale (1 =no experienceto 7 = much experience).

4.2 Materials

For this experiment, the objects from the elicitations study were reused. Since the assessors
from the elicitation phase were reluctant to interact with the objects, a set of circles was
3D-printed with the letters cut out of the middle. The circles were then attached to the
objects. These circles will be referred to as name tags from now on. Because the name
tags were 3D printed, the letters that were used could not containislands 1, since that
would not be attached to the name tag. Therefore, the following letters changed:

ˆ P ! L

ˆ A ! N

ˆ D ! K

ˆ O ! C

This was done by removing letters from the alphabet containing islands and rerunning the
script in attachment 2.2. Furthermore, since the �sh only appeared twice to make it easier
to pass around in the elicitation study, the second �sh was removed. An updated table
can be seen in table 4.1.

A picture of the objects with the name tags can be seen in �gure 4.1. In this �gure, the
objects from left to right and top to bottom are 'Extra soft block', 'Fish', 'Soft block',
'Medium block', 'Hard block', 'Extra hard block', and 'Dynamic block'.

1Island meaning a part of the letter that is surrounded by a line, e.g., the triangle in the top part of
the letter 'A'.
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Object Letter

Dynamic hardness block W

Extra hard block S

Hard block N

Medium block G

Soft block L

Extra soft block Y

Fish K

Table 4.1: List of objects with the updated letters

With that, the following materials are the ones used in this experiment:

ˆ The seven objects with name tags

ˆ MacBook Pro 16" 2019

ˆ iPhone SE 2nd generation

ˆ Google forms

ˆ An app containing the semantic di�erential scales

The MacBook Pro was used to run Google Forms and the app (described in section 4.2.1).
Google Forms was used to display the consent form and the intro questionnaire. The
iPhone was used to display the app.

4.2.1 The questionnaires

Two platforms were used to gather data: Google Forms and a custom-made app. Google
Forms was used to display the consent form (see appendix C) and the intro questionnaire
containing the demographic questions (see attachment 3.1).

As seen above, there were seven objects with ten scales each. Therefore, each participant
had to make a total of 70 ratings. To minimize a potential learning e�ect, a balanced latin
square was constructed (Graziano & Raulin, 2020). More speci�cally, a Matlab function
by Grosso (2018) that seems to be based on Williams (1949) was run for both the questions
and the objects. Furthermore, the rows in the latin square for the objects were randomized
for each participant, so the order of the sequences for the objects would not be the same
for the participants. This was also done to minimize a potential learning e�ect.

Due to this restricted way of matching questions and objects and ensuring that the objects
were presented in a speci�c order, many elements had to be correct for each stimulus and
response scale. A search was made for a questionnaire tool (like Google Forms), but no
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